Electrification and levitation of particles in a continuous particle feed and dispersion system have been studied both theoretically and experimentally. This system consisted of a vibrator and inclined parallel electrodes. A mesh and a vibrating plate were used for the upper and lower electrodes, respectively. A dc voltage was applied to one of the electrodes and the other electrode was grounded. Particles fed to the lower electrode were charged by induction and levitated upward by the Coulomb forces. When the applied voltage was high enough, the particles passed through the mesh electrode. The charge of the particles was measured with a Faraday cup, and the particle behavior was observed with a high-speed microscope camera. The particle charges were also analyzed from experimentally obtained particle trajectories and numerically calculated electric fields. Finally, the conditions for the effective levitation and dispersion of the charged particles and their mechanisms were studied and have been described in detail.
Introduction
In powder handling processes, continuous feeding is essential for stable operation and the quality control of products. However, small particles tend to agglomerate together and adhere to surfaces. These phenomena may cause the loss of operability and productivity [1] . To disperse the agglomerated particles, airflows have been widely used [2, 3] . Vibration is also effective to prevent the particles from adhering to the surfaces without the use of airflows [4, 5] . Furthermore, electrostatic repulsion forces between particles with a unipolar charge can be used for dispersion [6] . By using the forces caused by static electricity and vibration, the reliability of continuous particle feeding and dispersion will be improved.
Parallel plate electrodes create a uniform electric field, and the motion of particles between the electrodes is controlled by the electric field strength and direction. When conductive particles contact one of the electrodes, they are charged by induction. The polarity of the particles is the same as that of the electrode. When Coulomb forces acting on the charged particles overcome the oppositely directed forces, such as adhesion and gravity, the particles are levitated from the electrode. High-conductivity particles are instantaneously charged by induction [7] . However, if the conductivity of the particles is low, a longer time is required for them to charge [8] [9] [10] [11] . Furthermore, if the resistance of the material is extremely high, the particles cannot be charged by the induction but rather by contact charging based on the contact potential difference between the particles and the electrode [12, 13] . Because the quantity of charge transferred during a single contact is generally small, the particles cannot levitate from the electrode. On the other hand, in the case of induction charging, as the quantity of transferred charge is rather large, the particles can levitate and move toward the counter electrode. When the particles contact the counter electrode, the polarity of the particles inverts because of induction charging. After changing the charge (sign and value) the particles will move in the opposite direction. As a result, the particles oscillate between the parallel electrodes [7] . Therefore, there are positively and negatively charged particles between the electrodes even if a dc voltage is applied.
To extract particles with a unipolar charge, openings may be needed in one of the parallel electrodes [14] . Replacing the upper plate electrode with a mesh electrode allows the passage of the particles through the openings. When the particles above the upper electrode all have the same charge polarity, they can be dispersed by their mutual electrostatic repulsion.
Motion of particles can also be controlled by using ac electric fields. When multi-phase ac voltages are applied to the combtype electrodes, the particles close to the electrodes experience repulsion from the electrodes [15] . For example, there are applications related to the control of particle position [16] [17], separation [18] , and surface cleaning [19, 20] . Furthermore, there are many reports regarding particle levitation using various forms and configurations of electrodes [21, 22] . The electric fields allow particles to charge and move even in the absence of complicated mechanical and/or pneumatic systems. Thus, electrostatic techniques are expected to be useful for complex applications like space exploration [20, 22] as well as operation under atmospheric pressure.
In powder handling processes, a conceptual system using parallel electrodes with vibration has been proposed for continuous particle feeding and dispersion [23, 24] . This system can also be used for the electrostatic characterization of particles [25] , where the particles are not charged by induction charging but by contact charging based on the contact potential difference.
Particle charging in a strong electric field system with a mesh electrode should be useful for continuous particle feeding and dispersion. However, the particle charge and levitation depend on conditions such as the electric field strength and direction, adhesion and gravity, among others [26] . Thus, the effect of these factors should be clarified to develop a continuous particle feed and dispersion system.
The goal of this research was to develop a new system for continuous particle feeding and dispersion using a vibrator and inclined parallel electrodes. A mesh electrode and a vibrating plate electrode were used for the upper and lower electrodes, respectively. The charge of the particles was measured under various conditions and the particle behavior was observed microscopically. Furthermore, the particle charges were analyzed from experimentally obtained particle trajectories and numerically calculated electric fields; moreover, the levitation and dispersion of the charged particles were studied, and have been discussed in detail. Fig. 1 shows a schematic diagram of the experimental setup, which consists of a particle feeder and a disperser using a vibrator and parallel electrodes. A stainless steel plate (SUS 304, 35 Â 50 mm) that was attached to an acrylic base inclined at an angle of 15°from horizontal was used for the lower electrode. A stainless steel mesh (SUS304, 35 Â 50 mm, wire diameter: 0.6 mm, opening: 3.63 mm) was used for the upper electrode, which was placed at a distance of 20 mm from the lower electrode. One of the electrodes was connected to a power supply (610D, Trek Inc.), and a dc voltage ranging from À8 to +8 kV was applied, while the other electrode was grounded. Particles were fed at a constant mass flow rate (20 mg/s) and transported on the lower electrode, which was vibrated by a piezoelectric vibrator to assist the flow of the particles. The amplitude and frequency of the vibration of the plate electrode were set at 20 µm and 300 Hz, respectively, by a controller (VST-01, IMP Co., Ltd.) To measure the specific charge, i.e., the charge-to-mass ratio of the particles, a Faraday cup and an electrometer (8252, ADC Corporation) was used. In addition, the behavior of the particles in this system was observed through a high-speed camera (FASTCAM Mini UX100, Photron Ltd.) with a high-magnification zoom lens (VSZ-10100, VS Technology Corpo-
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Alumina particles with a mass median diameter of 48 lm and a geometric standard deviation of 1.2 (Showa Denko K.K.) were used.
The Sauter diameter was 47 lm. The particle density (q p ) and the particle relative permittivity (e rp ) were 3800 kg/m 3 and 9, respectively. The particle volume resistivity (q v ) was 0.1 GO m, which was measured at a low consolidation pressure (0.15 MPa). The particles were dried at 120°C for 12 h and cooled to room temperature in a desiccator before use. All the experiments were carried out under room conditions, i.e., temperature: 25 ± 5°C and relative humidity: 45 ± 5%.
Numerical calculation of electric fields
External electric fields in this system were calculated by a finite element method (COMSOL Multiphysics, AB/COMSOL, Inc.) assuming a three-dimensional model in a Cartesian coordinate system. The distance between the upper and lower electrodes and the configuration of the mesh electrode were the same as those in the experimental setup. The electric potentials at the edges of the domain (x = ±175 mm, y = ±250 mm, z = ±100 mm) were assumed to be zero. The center of the mesh electrode, (x, y) = (0, 0), is also the center of the wire mesh opening. (Fig. 2a) , the interval of equipotential lines, or potential gradient, between the electrodes was almost constant except around the upper electrode. The calculated result for V L = 0 and V U = À8 kV ( Fig. 2b ) was similar to that in Fig. 2a ; however, the potential gradient above the upper electrode was larger. This difference is caused by the potential difference between the upper electrode and the top of the domain. Fig. 3a shows the profiles of electric field strength (E ex ) along the z-axis at x = 2.12 and y = 0. The mesh electrode with 0.6 mm wire diameter was located from z = 20 to 20.6 mm. A uniform electric field was formed between the upper and lower electrodes; however, the electric field changed drastically around the mesh electrode because of electric field lines concentration at the mesh wires. The electric field was directed upward below the upper electrode, and downward above the upper electrode. Similar calculated results were also obtained in the previous study [26] . Above the upper electrode, E ex % 0 for V U = 0, and E ex < 0 for V U = À8 kV. Fig. 3b shows the electric field strength profile at x = 0 mm and y = 0, which corresponds to the center of the wire mesh opening. E ex was almost constant between the upper and lower electrodes, but decreased around the upper electrode. In the case of z > 25 mm, the E ex values were almost the same as those in Fig. 3a .
The charged particles in the electric fields experience Coulomb forces depending on the electric field strength and direction. Hence, the difference in the electric fields at z > 25 mm, which is related to the applied voltage on the upper electrode, affects the behavior of the particles above the upper electrode. Fig. 4a shows the effect of voltage applied to the lower electrode on the profile of the electric field strength at x = 2.12 and y = 0, when V U = 0. As a matter of course, the E ex value depends on V L at z < 25 mm. On the other hand, Fig. 4b shows that V U affects E ex even at z > 25 mm. These calculated profiles of the electric field strength can be used for particle motion analysis.
Estimation of particle charge based on motion analysis in an electric field
A particle in an electric field experiences an electrostatic force (F e ), a gravitational force (F g ), and a drag force (F d ). The equation of motion of a particle in the z-direction is given by
where m p is the mass of the particle, vp is the particle velocity, and t is the time. The mass of the particle is given by
where D p is the particle diameter and q p is the particle density. For a stationary fluid, F d is given by where C d is the drag coefficient, which is given by [27] .
and
where q and µ are the density and the viscosity of the fluid, respectively. The gravitational force on the particle in the z-direction is given by
where g is the gravitational acceleration and h is the inclination angle of the plate electrode from the horizontal. F e consists of the Coulomb force in the external electric field (F ex ), the image force (F i ) and gradient force (F grad ):
When the particle levitates from the electrode, F i and F grad act in the reverse direction to F ex , which is given by
where q p is the particle charge and E ex is the external electric field strength. Here, F i is given by
where e r is the relative permittivity of the fluid, e 0 is the vacuum permittivity, and z p is the distance of the particle from the surface of the electrode. F grad is given by [28] F grad ¼ pe 0 e r e p À 1
Using the above equations, the position of the charged particle as a function of elapsed time was sequentially calculated. From the comparison of the experimentally obtained trajectory with numerically calculated one, the particle charge can be determined [26] .
Space charge caused by charged particles can affect the particle motion; however, particle volume concentration in this study is 0.004% at z = 0-40 mm and the space charge effect is estimated to be 10% or less. For simplicity, we exclude this factor from the analysis.
Analysis of induction charging
The equilibrium charge of a conductive particle by induction charging is represented by [7] q
The equilibrium charge of a dielectric particle is represented by [10] q
where e rp is the particle relative permittivity.
The particle charge as a function of time is expressed as
where s is the relaxation time, which is given by
where q v is the particle volume resistivity.
Results and discussion
6.1. Particle behavior and levitation height Fig. 5 shows a photograph of the particles moving on the lower electrode that is vibrating. Here, the upper and lower electrodes were grounded (V U = V L = 0). Since there was no external electric field, particle levitation caused by Coulomb forces did not occur. The particles were simply transported on the inclined electrode, and finally fell at the edge of the electrode. When the vibration was stopped, the stable particle flow was not maintained; therefore, the vibration and gravity both contribute to the particle flow. Fig. 6 shows the photographs of particle behavior under different conditions, where an external voltage was applied to one of the electrodes. The particles were spread in three-dimensional space. This can be explained as follows; when the particles contact the lower electrode, charge transfers occur, and the particles experience Coulomb forces. When these forces are large enough, the par- ticles are levitated. However, even if the Coulomb forces of the levitated particles are not very large, the particles fall eventually because of gravity. For V L = +3 kV and V U = 0 (Fig. 6a) , the particles on the lower electrode were levitated and spread between the upper and lower electrodes. However, not all the particles were levitated, but some particles were transported on the lower electrode. There were few particles above the upper electrode; thus, the Coulomb forces might be not very large. For V L = +5 kV and V U = 0 (Fig. 6b) , as the electric field strength was larger, the particles experienced larger Coulomb forces. Most of the particles moved upward and some particles reached the mesh electrode or passed through it. Basically, the particles levitated from the positive electrode are charged positively, while the particles levitated from the negative electrode are charged negatively. Therefore, the particles between the upper and lower electrodes have positive and negative charges. For V L = +8 kV and V U = 0 (Fig. 6c) , the applied voltage was much larger; thus, the particles could experience much larger Coulomb forces. As a result, particle velocities passing through the mesh electrode could be much higher. On the other hand, as shown in Fig. 6d , when the lower electrode was grounded, and an external voltage was applied to the upper electrode, i.e. V L = 0 and V U = À8 kV, the particles were more widely spread above the upper electrode. Most of the particles passed through the mesh electrode and were finally attracted to the upper electrode. When the particles were negatively charged on the upper electrode by induction charging, these particles could be re-levitated and experience upward Coulomb forces above the upper electrode. Fig. 7 shows cumulative distribution curves of particle positions in the z-direction for different external voltages. These results were obtained by collecting the particles on a polypropylene plate with an adhesive material. The adhesive plate was temporarily placed in the z-direction at a distance of 3 mm from the end edge of the electrodes. For V U = 0 and V L > 0 (Fig. 7a) , the range of the particle position increased with an increase in the value of V L . For V L +5 kV, the particle positions were distributed between the electrodes, i.e. in the range from 0 to 20 mm. For V L = +8 kV, the maximum levitation height was over 40 mm. These distribution curves were monomodal. The range of the particle position for V L = 0 and V U < 0 (Fig. 7b ) also increased with increasing absolute value |V U |. This tendency is the same as that shown in Fig. 7a ; however, the height range is obviously wider. Even for |V U | = 4 kV, the maximum levitation height was higher than the upper electrode. For |V U | = 8 kV, the maximum height was almost 80 mm. These distribution curves were found to be bimodal, i.e. the first distribution range was smaller than approximately 30 mm and the second one was larger than approximately 30 mm. The percentage of the particles located at the higher position increased with an increase in |V U |. These results imply that there are two different phenomena in particle charge and levitation. Fig. 8 illustrates the scenarios of the charging and the motion of particles expected in this system. External voltage is applied to one of the electrodes and the other electrode is grounded. The upper virtual boundary is assumed to be zero. For V U = 0 and V L > 0 (Fig. 8a) , the electric field between the upper and lower electrodes is directed upward. Particles that are charged positively on the lower electrode experience upward Coulomb forces. The levitated particles can pass through the mesh electrode owing to particle inertia but the Coulomb forces above the upper electrode are smaller than the gravitational forces; hence, there are limits on the maximum heights of the particles. These particles are finally attracted to the upper electrode. After adhesion, their polarity can be changed by the induction charging. The negatively charged particles levitate from the upper electrode. However, the Coulomb forces above the upper electrode drastically decrease with increasing height; therefore, the particles cannot reach higher positions. For V U = 0 and V L < 0 (Fig. 8b) , the electric field between the two electrodes is directed downward and the particles are charged negatively on the lower electrode. The polarities of the particles are opposite to those in Fig. 8a ; however, the Coulomb forces acting on the particles are the same. As a result, the motions of the particles are the same as in Fig. 8a .
The particle motions in Fig. 8c are different from those in Fig. 8a . When V U < 0, two electric fields are formed; one is directed upward between the two electrodes and the other is directed downward above the upper electrode. Once the particles adhere to the upper electrode, the polarity of the particles is changed. Since the Coulomb forces above the upper electrode are directed upward, the particles can reach higher positions. As a result, the polarity of the charged particles at the higher position is opposite to that of the particles levitated from the lower electrode. The polarities in Fig. 8d are completely opposite to those in Fig. 8c ; however, the motions of the particles are the same as in Fig. 8c. For V U = 0, which corresponds to Fig. 8a and b , q m has a positive correlation with DV LÀU . When the absolute value of the potential difference is small (|DV LÀU | < 4 kV), the particles levitated from the lower electrode cannot reach the upper electrode (see Figs. 6a and 7a) . The polarity of the particles is the same as that of the lower electrode. For |DV LÀU | % 4 kV, some particles adhere to the upper electrode, and the polarity of the charged particles can be changed. As a result, the dependency of DV LÀU on q m decreases somewhat. When |DV LÀU | > 4 kV, particles can pass through the mesh electrode. The quantity of the particles charged on the lower electrode apparently increases; consequently, the dependency of DV LÀU on q m increases again.
Particle charge
For V L = 0, which corresponds to Fig. 8c and d, the experimental data at |DV LÀU | > 4 kV are different from those for V U = 0, i.e., q m has a negative correlation with DV LÀU . This is because the polarity of the charged particles at the higher position is opposite to that of the particles levitated from the lower electrode, and also because the percentage of the particles at the higher positions increases with increasing |DV LÀU |. Fig. 10 shows a series of motions of a particle in an electric field observed by the high-speed microscope camera and the specific charge of the particle estimated from the particle motion analysis mentioned in Section 4. The upper figure indicates the particle position in the z-direction as a function of elapsed time. The experimental results (solid lines) agree well with the results calculated
Motion of charged particles
Upper boundary
Upper boundary based on the equation of motion (broken lines), where the fitting parameter is the particle charge q p . The lower figure indicates the variation of the specific charge q m that was obtained from the q p values. From these results, the particle motion can be classified into three categories, i.e., collision, adhesion, and levitation. In the collision process, the charged particle was attracted to the lower electrode by the Coulomb force, and repeatedly collided with decreasing rebound height. The negative charge on the particle decreased with the number of collisions because the particle acquired some positive charge during each collision with the positive electrode. After losing its kinetic energy, the particle adhered to the electrode. As the particle acquired a larger positive charge by the induction charging for a period of 15 ms, the polarity of the particle was changed from negative to positive. When the Coulomb force directed upward became sufficiently large, the particle was levitated. Although the specific transferred charge Dq m during a collision were less than 100 µC/kg, Dq m during the adhesion was more than 200 µC/kg. It is worth noting that the contact time is important for the charge transfer. After the levitation, the specific charge was 140 µC/kg., which is 70% of the equilibrium charge caused by the induction charging for conductive materials [7] . If the forces directed downward, such as adhesion and gravity, were much larger, the specific charge would be larger than 140 µC/kg, which would result in a longer contact time. Fig. 11 shows the analysis of the induction charging of the levitated particle shown in Fig. 10 . The specific charge of a dielectric particle (solid curve) was calculated using Eq. (14) with s = 8 ms, which was obtained using Eq. (15), i.e., 0.1 GO m Â 8.85 Â 10 À12 F/m Â 9. The calculated value reached the experimental value (140 µC/kg) at 15 ms. This contact time agreed with the value for the levitation shown in Fig. 10 . For reference, the equilibrium charges of the dielectric and conductive particles are also shown in the same figure. Fig. 12 shows the calculated distributions of highest particle positions in the z-direction, which depend on the particle charge and the electric field. The particles can be levitated from the lower electrode and the upper electrode. In the former case, particles were presumed to be levitated from the point of x = 0 mm and y = 0 mm that was the center of the wire mesh opening and z = 0 mm that was the surface of the lower electrode; thus, the particles could pass through the mesh electrode. In the latter case, the initial point of the particles was presumed to be x = 2.12, y = 0 and z = 20.6 mm that was the top surface of the mesh wire. For the two cases, the electric fields calculated in Fig. 3a and b were used to estimate the Coulomb forces. The initial particle charge was presumed to be positive on the lower electrode and negative on the upper electrode considering the induction charging. Furthermore, the initial charges were assumed to have a normal distribution with an average value of ±130 µC/kg and a standard deviation of 33.2 µC/kg, which were based on preliminary experimental results.
For V L = +8 kV and V U = 0 (Fig. 12a) , the highest positions of the particles levitated from the lower electrode (solid line) were in a range from 20 to 60 mm, showing that all the particles can pass through the mesh electrode and reach higher positions. However, the particles levitated from the upper electrode (broken line) were held close to the upper electrode. This difference in the particle (14) and (15) Equilibrium for conductive particle 5 20
Equilibrium for dielectric particle V L = +8 kV, V U = 0 Fig. 11 . Analysis of induction charging of primary particle (V L = +8 kV and V U = 0). height can be explained as follows; the particles move upward below the upper electrode owing to their Coulomb forces and have large velocities or large inertial forces; consequently, the particles can reach higher positions even though the gravitational forces are dominant. The particles levitated from the upper electrode also move upward; however, these particles do not have large inertial forces, and the Coulomb forces immediately become zero; thus, the particle height is rather low. For V L = 0 and V U = À8 kV (Fig. 12b) , the distribution range of the particles levitated from the upper electrode shifts to very high positions. This is because a downward electric field is formed above the upper electrode (see broken lines in Fig. 3) , and the particles levitated from the upper electrode have negative charges. Therefore, the particles continue to experience upward Coulomb forces. On the other hand, the range for the particles levitated from the lower electrode was from 20 to 40 mm (solid line). These particles have positive charges, and experience downward Coulomb forces above the electrode. As a result, the particle position was lower than the solid line in Fig. 12a. 
Summary and conclusions
Electrification and levitation of particles in a continuous particle feed and dispersion system with vibration and external electric fields were studied both theoretically and experimentally. In this system, a mesh electrode and a vibrating plate electrode were used for the upper and lower electrodes, respectively. The specific charge of the particles was measured by collecting all the particles in the Faraday cup, and the particle behavior was observed microscopically. Furthermore, the particle charges were determined from experimentally obtained particle trajectories and numerically calculated electric fields. The results obtained can be summarized as follows:
(1) The particles are levitated from the electrode and dispersed by applying an external voltage. When the voltage is applied to the upper electrode, the particles are more widely spread above the upper electrode than when the voltage is applied to the lower electrode. The spread area of the particles also increases with an increase in the absolute value of the applied voltage. (2) The specific charge strongly depends on the potential difference between the two electrodes. When the voltage is applied to the upper electrode, the variation of the specific charge is more complicated depending on the motion of the particles. (3) The motion of the particles around the electrode is classified into three categories, i.e., collision, adhesion, and levitation. In the collision process, the charged particles are attracted to the opposite electrode by the Coulomb forces and collide with the electrode. When the impact of the particle collision is large, the particles rebound and collide repeatedly. The charge on the particles decreases with an increase in the number of collisions. After the particles adhere to the electrode and acquire a large quantity of charge by induction, they are levitated again. The charge transferred during adhesion is larger than that transferred during a collision, i.e., the charge transfer for dielectric or semiconductive materials depends on the contact time. (4) The height of levitation of a charged particle can be estimated by calculating the particle trajectory in the electric field.
